A PCR-based technique using new fluorescent probes, called molecular beacons, was developed to detect the antifolate resistance-associated S108N point mutation in Plasmodium falciparum. One hundred African clinical isolates were tested by the new method in comparison with the PCR-restriction fragment length polymorphism method. This new molecular technique appears to be a promising tool for epidemiological studies.
One hundred clinical isolates of P. falciparum were obtained in 1998 and 1999 from malaria-infected travellers returning to France from Africa. Fresh blood samples were processed as previously described (6) . Briefly, the red blood cells in 100 l of venous blood samples from the patients were eliminated by a selective lysis buffer (0.32 M sucrose, 10 mM Tris-HCl [pH 7.5], 5 mM MgCl 2 , and 1% Triton X-100). After centrifugation (11,300 ϫ g, 5 min), the pellets were resuspended in 100 l of extraction buffer (10 mM NaOH, 0.5% Tween 20, and 0.5% Nonidet P-40), heated at 100°C for 10 min, and then placed in ice. After centrifugation (11,300 ϫ g, 5 min), the amplification was performed with 2 l of the supernatant by a PCR assay which was developed in order to obtain an amplicon of 119 bp centered on codon 108. The primers used were synthesized based on the published full-length DHFR sequence of P. falciparum (strain FCR-3) (GenBank accession number J03028) and using Primer 3 software (Steve Rozen and Helen J. Skaletsky [1996, 1997] ; Primer 3 code available at http://www.genome.wi.mit.edu/cgi-bin/primer/primer3.cgi). To genotype the alleles, two molecular beacons were designed, one specific for the wild-type allele S108 and 5Ј labeled with a green fluorophore (fluorescein) and the other specific for the mutant allele S108N and 5Ј labeled with a red fluorophore (tetramethylrhodamine). Both oligonucleotides were 3Ј labeled with the quencher 4-(4Ј-dimethylaminophenylazo)benzoic acid (DABCYL). The PCR conditions were as follows. A mixture of 15 pmol each of sense primer 5Ј-TGTGGATAATGTAAA TGATATGCC-3Ј, hybridizing to positions 303 to 326 of the DHFR gene, and antisense primer 5Ј-CATTTATCCTATTG CTTAAAGGTT-3Ј, hybridizing to positions 421 to 398, 200 M concentrations of each deoxynucleoside triphosphate, buffer (15 mM Tris-HCl [pH 8.0], 50 mM KCl, 6 mM MgCl 2 ), 2.5 U of ampliTaq Gold DNA polymerase, and 10 pmol each of fluorescein-5Ј-GCGACGAAGAACAAGCTGGGAAAGG TCGC-3Ј-DABCYL (wild-type beacon) and tetramethylrhod amine-5Ј-GCGACGAAGAACAAACTGGGAAAGGTCGC-3Ј-DABCYL (mutant beacon) (Eurogentec, S.A., Seraing, Belgium), which hybridize to positions 380 to 362 of the respective allelic forms of the DHFR gene, was incubated in a 50-l volume for 10 min at 95°C followed by 40 reaction cycles (94°C, 1 min; 55°C, 1 min; 72°C, 1 min). A further step was added to enable the final hybridization of the probes (95°C, 1 min; 55°C, 5 min; 20°C, 1 s). After completion of the PCR, sealed tubes were placed on a 96-well Costar microplate in a Fluostar 403 (BMG labotechnologies GmbH) spectrofluorometer. Fluorescence measurements were carried out at an excitation wave-length of 480 nm, an emission wavelength of 520 nm for fluorescein, and emission wavelengths of 544 and 590 nm for tetramethylrhodamine. For each well, a ratio was calculated according to the following formula (Biolise 2.01 software): ratio ϭ (flu 1 Ϫ 0.85 blank 1)/(flu 2 Ϫ 0.85 blank 2), where flu 1 is the fluorescence data value measured at 520 nm, blank 1 is the fluorescence data value of a PCR-negative control (contains no DNA) measured at 520 nm, flu 2 is the fluorescence data value measured at 590 nm, and blank 2 is the fluorescence data value of a PCR-negative control (contains no DNA) measured at 590 nm.
The determination of the thresholds (or cutoffs) was previously done on known samples of a limited series (data not shown). S108N isolates had a ratio of Ͻ0.40 and S108 isolates had a ratio of Ͼ3. Between these two values were those for mixed isolates (S108-S108N). To further evaluate the mixed isolates zone, a study of artificial mixtures of the clones 3D7 (S108) and W2 (S108N) was performed. P. falciparum clones 3D7 and W2 were originally obtained from D. Walliker (University of Edinburgh, Scotland, United Kingdom). Stock cultures of 3D7 and W2 clones were grown as described previously (22) . Cultures having a parasitemia of 1% were mixed in order to have the following ratios of W2 to 3D7: 1:1, 1:10, 1:50, 1:100, 1:1,000, 10:1, 50:1, 100:1, and 1,000:1. For all ratios, results were obtained from simultaneous assays based on triplicate determinations (Table 1) .
For comparison, the determination of the nature of DHFR codon 108 was determined blindly on the same isolates by an already-described PCR-RFLP method (6, 8) . Fifty-nine isolates displayed the S108N mutation, either alone (n ϭ 54) or in mixed isolates (n ϭ 5); 41 isolates had the S108 codon alone (wild type) (Fig. 1) .
The determination of the nature of codon 108 by the fluorescence method and PCR-RFLP is summarized in Fig. 1 . The results showed that isolates could be clustered in three groups: those having a ratio of Ͻ0.40, those having a ratio of Ͼ3.02, 1 . Distribution of fluorescence ratios of S108, S108N, and mixed S108-S108N clinical P. falciparum isolates. Isolates 1 to 50 had the mutated codon (S108N), isolates 54 to 57 had mixed infections (S108-S108N), and isolates 61 to 100 had the wild-type codon (S108). Fluorescence ratios express fluorescence measurements at 520 and 590 nm. Data represent the means Ϯ the standard deviations of three independent experiments. Isolates having fluorescence ratios above 32 are not shown in the figure. and those having a ratio between these two values. No discordance was observed between the fluorescence method and PCR-RFLP about the determination of the nature of codon 108. The presented results, obtained blindly on an important series, confirm the validity of the chosen thresholds.
Molecular beacons have been successfully used for mutation detection in humans and in a very small number of microorganisms (10, 16, 17, 19, 21, 25) . To our knowledge, this work is the first report of mutation analysis by molecular beacons in a parasite. The absolute specificity of the interaction of molecular beacons with their target strands has already been reported (10, 23, 24) . In the present study, the resulting fluorescent signals led to an unambiguous detection of wild-type and/or mutant codon 108. Results were perfectly matched with those obtained on the same isolates by PCR-RFLP.
As expected, the few S108-S108N mixed isolates included in the studied series showed ratio values located between the S108 and the S108N cutoffs. Because fluorescence intensity depends on the concentration of a specific target molecule (7), some minority clones may not be detected, as is the case with PCR-RFLP. Data obtained with artificial mixtures showed that the molecular beacons method detected minor alleles whose presence in the mixtures was equal to or greater than about 10%. The same proportion was found with the use of allelespecific oligonucleotide polymerase reactions and with PCR-RFLP (12) . A further study, focused on numerous mixed isolates, should be conducted in order to assess the detection of these isolates by the fluorescence method versus PCR-RFLP. It may be stressed that the proportion of S108-S108N mixed isolates among malaria patients infected in Africa before returning to France was previously found to be less than 10% of all the isolates investigated (4, 6) .
Since molecular beacons are extremely specific probes, an unexpected mutation in the target sequence could lead to the inefficacy of the assay. In that case, the problem would be similar for the PCR-RFLP method. The risk is probably low because, at present, no point mutation near codon 108 has been reported, while the plasmodial DHFR gene has been intensively studied (1, 2, 20) .
A major advantage of the molecular beacons method is that the risk of contaminating untested samples is eliminated because assays are carried out in sealed tubes. Results are obtained very rapidly after amplification as fluorescence measurement takes only a few seconds. Real-time detection of PCR amplicons may also be performed using molecular beacons (17, 21) . For field studies, detection of PCR products is feasible by a mere visual inspection of sealed tubes placed over a UV light source (17) . This simplified procedure could be particularly interesting in developing countries. The cost of the mutation detection is low because molecular beacons are inexpensive. Moreover, the need for restriction enzymes and reagents for the electrophoresis step is suppressed (including the mutagen agent ethidium bromide). These features may lead, after further evaluations, to a semiautomated mutation analysis method. The additional point mutations N51I and C59R, which were associated with high resistance to pyrimethamine and cycloguanil (2), should be tested in order to monitor antifolate resistance. Other point mutations that have also been reported to be linked with drug resistance in P. falciparum, e.g., point mutations in the cg2 (5) and crt genes, may be studied by similar approaches. Since standard in vitro and in vivo drug sensitivity tests are not easy to perform on a large scale, the development of rapid molecular techniques may be of great value for epidemiological studies.
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